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Hypertensive pulmonary vascular disease in children
Detection by radioactive nitrogen (°N) inhalation

and njection
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Regional lung function has been studied in 16 children with intracardiac shunts and a variety of associated
cardiac anomalies using radioactive nitrogen (3N) and a gamma camera-computer system. The distribution
and washout of inhaled N were usually normal. The distribution of intravenously injected >N was often
abnormal and could be related to local anatomy. The most important finding was delayed clearance by ventila-
tion of intravenously injected 3N in children with an abnormally raised pulmonary [ systemic vascular resistance
ratio (Rp/Rs) at cardiac catheterisation. The regional localisation of this ventilation-perfusion imbalance
could be related in several children to the probable distribution of hypertensive pulmonary vascular disease,
predicted either from local anatomy shown at cardiac catheterisation or from the abnormal distribution of
pulmonary perfusion. Abnormalities present on breathing air may be partially reversed om breathing 100

per cent oxygen.

Hypertensive pulmonary vascular disease in child-
ren with congenital cardiac defects greatly in-
fluences operative risks (Cartmill er al., 1966;
Espino-Vela ez al., 1968), postoperative course
(Park et al., 1969), and long-term haemodynamic
results (Braunwald et al., 1962; Maron et al., 1973;
Allen et al 1974; Whitman and Ellis, 1975). Hyper-
tensive pulmonary vascular disease is generally con-
sidered to be present when the pulmonary vascular
resistance or the pulmonary: systemic resistance
ratio (Rp/Rs) calculated at cardiac catheterisation is
abnormally raised (Braunwald ez al., 1962; Kirklin,
1965 ; Allen et al., 1974).

We have recently developed a free breathing
technique for studying regional lung function in
children of all ages using radioactive nitrogen
(*N) and a gamma camera (Godfrey et al, 1975;
Ronchetti et al., 1975) and have found a consistent
pattern of abnormality in children with hyper-
tensive pulmonary vascular disease. We present our
observations on this ‘ phenomenon which could
provide a simpler method for the detection and
evaluation of pulmonary vascular disease.
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Subjects and methods

Sixteen children aged 7 months to 12 years were
studied. Each had been referred for investigation of
congenital heart disease and had undergone cardiac
catheterisation. The anatomical diagnoses and
cardiac catheterisation results are shown in Table 1.
The pulmonary: systemic resistance ratio (Rp/Rs)
was calculated by the standard technique (Gross-
man, 1974) using the pulmonary arteriolar resistance
in the numerator. Pulmonary and systemic flows
were derived by the Fick principle. Taking the
upper normal limit for Rp/Rs as 0-25 (Kirklin
1965), cases 1 to 4 were considered not to have
hypertensive pulmonary vascular disease. Most of
the remaining patients had a raised Rp/Rs ratio
indicative of hypertensive pulmonary vascular
disease. Cases 15 and 16 had complex anatomy
with a large systemic-pulmonary anastomosis
supplying only part of the pulmonary vascular bed,
precluding calculation of Rp/Rs, while case 7 had
multiple peripheral pulmonary stenoses with a nor-
mal mean pulmonary arterial pressure distal to the
stenosis in the right lower lobe. In cases 10 and 11,
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Rp/Rs fell after inhalation of 100 per cent oxygen.

Regional lung function studies were performed as
previously described (Ronchetti et al., 1975), with
the child lying supine over the gamma camera and
breathing air spontaneously. Cases 6 and 10 were
also studied while breathing 100 per cent oxygen.
The younger children were lightly sedated with
diazepam. 3N was made by the Medical Research
Council Cyclotron Unit and piped directly to the
adjacent room for immediate use because of its
short half-life (10 minutes). For the study of venti-
lation, a 4 ml bolus of the gas was delivered at end-
expiration into the nasopharynx via an infant feed-
ing tube or through a mouthpiece. For the study of
pulmonary perfusion, a bolus of ¥N was dissolved
in 4 ml isotopic saline and was injected rapidly via
an indwelling needle into an arm vein. Because of
the extreme insolubility of 1N, virtually all the in-
jected isotope reaching the pulmonary capillaries
passed rapidly into alveoli and was then washed out
by ventilation. During and after each administra-
tion of isotope the lungs were scanned continuously
by a gamma camera for 5 to 10 minutes and the
data stored on magnetic tape. Data processing was
performed with the aid of a digital computer. For
each study, an image of the counts over the lungs
was displayed on an oscilloscope and each lung
field was divided into an upper and lower zone
using a light pen. Correction was made for camera
uniformity, for background activity which included
activity reaching the systemic circulation by right-
to-left shunting, and for isotope decay. Activity
time curves were plotted for each lung zone and
indices of regional lung function calculated as
described below.

Calculation of results

A distribution index (DI) for each zone for both
ventilation and perfusion was calculated from the
following equation:
___Regional counts
Whole lung counts

Regional area
Whole lung area

Assuming that relative regional image areas reflect
regional volumes, even distribution of ventilation or
perfusion throughout the lungs would be denoted in
each zone by a distribution index of 1-0 (Ronchetti
et al., 1975). This assumption is not always valid in
children with cardiac disease since an enlarged
heart may distort pulmonary anatomy. However, it
is possible to derive an improved regional ‘volume-
corrected’ perfusion distribution index in children
with uniform regional ventilation. Since ventilation
is then directly proportional to lung volume, the
perfusion distribution index for each zone of the
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lung is the distribution index for that zone in the
perfusion study, divided by the equivalent distribu-
tion index in the ventilation study. It is necessary
for this index that the areas on the oscilloscope
image for both studies should be identical.

For a better analysis of the washout curves inde-
pendent of assumption about lung volumes, a
transfer function (H/A) has been calculated by
dividing the peak height (H) of the curve by the
area (A) under the washout portion (Ronchetti et al.,
1975). In the inhalation study, H/A represents
ventilation per unit lung volume (fractional ventila-
tion) but in the study with injected *N it is a com-
plex function of ventilation, perfusion, and lung
volume (Winlove et al., 1976). The washout curves
from both studies would be identical if alveolar
ventilation (V) and perfusion (Q) were -evenly
matched. Any difference between the curves is,
therefore, an index of ventilation/perfusion (V. 1Q)
imbalance resulting from reduced V/Q ratios
(Fig 1). A normal range of H/A values has been
obtained from studies of 20 normal lung zones in 10
children with localised lung disease (Winlove ez al.,
1976). For ventilation, the mean H/A is 3-65 with a
range (+2 SD on a logarithmic scale) 2:23-6-08
and for perfusion it is 2-82 with a similar range 2-:08—
4-39. We have, therefore, taken 2-0 as the lower
normal limit for H/A in both studies.

Table 1 Patients studied, diagnoses, and Rp/ Rs values
Case Age  Diagnosis Rp/Rs
No. (y)

1 4 VSD; peripheral pulmonary stenoses 0-06

2 6 Tetralogy of Fallot 0-09

3 4 VSD 0-10

4 2 VSD 022

5 14/12 VSD 032

6 3 VSD 045

7 3 VSD; peripheral pulmonary stenoses  0-541

to all regions except right upper
zone
8 8 ‘Total anomalous pulmonary venous 0-61
inage

9 6 VSD 063

10 7/12 Secundum ASD and VSD 0-75
0-20*
11 5 VSD 0-76
0-17*%

12 15/12 Persistent ductus arteriosus 0-89
13 4 VSD 1-66
14 3 Primary pulmonary hypertension 255
15 3 Tetralogy of Fallot, Waterston shunt  Not calculable
16 12 Pulmonary atresia, Blalock-Taussig Not calculable

shunt; absent right pulmonary
artery

*While breathing 100 per cent oxygen.

$Calculated using pulmonary arterial pressure proximal to the
stenoses.

VSD, ventricular septal defect; ASD, atrial septal defect; Rp/Rs,
pulmonary/systemic resistance ratio.
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Injection washout curve « f(V,Q,V)

Difference is measure of V/Q imbalance

/

/

Inhalation washout curve « VIV

Fig. 1 Schematic curves for washout of *N after
injection and inhalation. V, ventilation; Q, perfusion;
V, volume.

Results

VENTILATION

As shown in Table 2, the fractional ventilation of
inhaled *N was abnormal only in one zone of one
child (case 4) and showed regional variation in one
further child (case 15). Both children had previously
undergone intrathoracic surgery. Fractional venti-
lation was not calculable for case 10 as data from the
bolus inhalation were not available.

Table 2  Results of regional lung function studies

McKenzie, MacArthur, Godfrey, and Hallidie-Smith
PERFUSION

Abnormalities of the washout (H/A) after injection
of 13N were present in several children and could
be related both to the elevation of Rp/Rs and to
regional anatomy. On the basis of these results, the
children were divided into groups:

Group 1 (cases 1to 4)

All values of H/A after injection and Rp/Rs were
normal. Fig 2 shows the washout curves after both
inhalation and injection of N in case 3 and is
typical of the group.

Group 2 (cases 5, 9, 10, 12, 13, 14, and 16)

In this group washout after injection was ab-
normally slow in at least 3 lung zones. Haemodyna-
mic evidence for hypertensive pulmonary vascular
disease was present in each patient except case 16, in
whom calculation of Rp/Rs was not possible. The
washout curves of case 12 are shown in Fig 3. In
case 10 the changes were partially reversed while
breathing 100 per cent oxygen.

Group 3 (cases 6, 7, 8, 11, and 15)

Local abnormalities of washout after injection were
present in these patients and all had haemodynamic
evidence of hypertensive pulmonary vascular
disease. In cases 8 and 11 in whom the pulmonary
vascular disease was thought to be early and rever-
sible the abnormalities occurred in the regions of

Case Perfusion distribution index (PDI)

Fractional ventilation (H|A)

Washout after infusion (H|A)

No.
RU RL LU LL RU RL LU LL RU RL LU LL
1 o091 0-66 259 186 269 289 294 269 209 217 215 2-14
2 167 132 031 069 2+40 231 2:49 1-98 593 3-04 428 2:48
3 106 1-09 079 135 372 347 412 369 252 333 382 349
4 = * * * 1-88 209 305 372 271 246 3.02 227
5 102 0-84 087 219 361 366 446 285 175 1-98 233 1-01
6 109 0-78 172 076 5:02 490 328 399 255 256 1-66 1-09
267 322 203 134t
7 098 1-09 108 0-78 321 268 242 244 128 201 213 218
8 072 0-69 1-46 1-40 3-80 327 339 379 2:60 427 123 175
9 128 092 101 073 386 354 429 391 227 163 163 1-29
10 119 1-10 103 094 Not calculable 0-86 133 0-66 091
1-28 244 114 1-65t
11 067 122 081 165 403 348 405 371 5.97 433 472 212
12 085 113 136 144 144 3.28 319 2:58 0-87 074 145 1-40
13 111 081 135 093 227 266 220 2:47 0-98 1-06 121 079
14 043 031 1-95 1-833 428 429 348 422 094 175
15 * * * * 211 240 3-90 433 336 195 3.95 336
16 143 074 133 103 320 2:61 3-38 315 284 156 141 0-69

*Perfusion distribution index not calculable because of regional variation in fractional ventilation.

+While breathing 100 per cent oxygen.

RU, right upper zone; LU, left upper zone; RL, right lower zone; LL, left lower zone.
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Fig. 2 Washout curves for case 3 showing rapid
washout of BN after both injection and inhalation.

greatest perfusion. Two patients had unusual
anatomy and their abnormalities were restricted to
areas either where there was no protective pul-
monary stenosis (case 7) or where there was a large
systemic-pulmonary shunt (case 15). In case 6 there
was overall improvement in the washout curves
after injection while breathing 100 per cent oxygen
but washout in the left lower zone was still abnor-
mally slow. Fig 4a shows the localised delay in
washout in case 7 and Fig 4b is the pulmonary
angiogram of the same patient showing stenoses of
the left main pulmonary artery and the inferior
branch of the right pulmonary artery.
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Fig. 4a Washout curves for case 7 showing a localised
delay in washout of *N after injection.
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Fig. 3 Washout curves for case 12 showing generalised
delay in washout of *N after injection.

Discussion

There appears to be a consistent pattern of ab-
normality in ®N washout after intravenous injection
in children with hypertensive pulmonary vascular
disease. All patients in group 2, with the exception
of case 16, had normal pulmonary artery anatomy
and haemodynamic evidence of hypertensive pul-
monary vascular disease. All had generalised delay

Fig. 4b Pulmonary angiogram of case 7 showing
hypoperfusion of the left lung and lower zone of the
right lung.
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in washout after injection of *N. In contrast, those
patients in group 3 with abnormal pulmonary
artery anatomy had related localised abnormalities in
washout. Though Rp/Rs could not be calculated in
case 16, he would appear from this study to have
hypertensive pulmonary vascular disease affecting
mainly the left lung, the side of the Blalock-Taussig
shunt. The flow to this lung was relatively low, in-
dicating that the hypertensive pulmonary vascular
disease was severe and flow-limiting. In this context
it is interesting that Alderson ez al. (1976) found di-
minished pulmonary perfusion on the side of the
shunt in patients with previous shunt operations for
tetralogy of Fallot. Their demonstration of rela-
tively normal regional ventilation using **Xe scans
is confirmed in this study and is shown to be true
even in the presence of severe hypertensive pul-
monary vascular disease.

The delay in clearance of ®N in the injection
study indicates that a proportion of the gas is
entering perfused but extremely poorly ventilated
alveoli. Such a V/Q imbalance should produce
systemic arterial desaturation, and this has been
noted previously in patients with primary pul-
monary hypertension (Wood, 1952). Several authors
have investigated the causes of the increased
alveolar-arterial oxygen gradient ((A-a) DO,) in
both children (Lees et al. (1967) and adults (Woolf,
1963 ; Wessel et al., 1964) with intracardiac shunts
or primary pulmonary hypertension. Studies in
dogs with pulmonary hypertension caused either
by surgically produced systemic-pulmonary anasto-
mosis (Ellison et al., 1961) or the heart-worm
Dirofilaria immitis (Kentera et al., 1965) have con-
firmed an increased (A-a) DO, whose severity is
related to the pulmonary artery pressure. Several of
these authors (Ellison ez al., 1961; Kentera et al.,
1965; Lees et al., 1967) have concluded from the
effects on (A-a) DO, of high inspired oxygen con-
centrations that venous admixture through pul-
monary arteriovenous shunts rather than VQ im-
balance is the primary cause of the arterial desatura-
tion. It is not possible to interpret our results in this
manner, however, since venous admixture of this
type would produce rapid removal of isotope into
the systemic circulation with effective elimination
from the record with background correction. The
efficacy of this correction can be seen from the
results of case 2 who had Fallot’s tetralogy with a
large right-to-left shunt and yet normal perfusion
washout curves (Table 2). Our results can only be
interpreted in terms of V/Q imbalance; a proportion
of the injected 1*N enters regions of alveoli which are
so poorly ventilated that they do not contribute
significantly to the fractional ventilation measured
after inhalation of N which, therefore, remains

McKenzie, MacArthur, Godfrey, and Hallidie- Smith

normal. These regions would probably not become
completely oxygenated when breathing 100 per cent
oxygen and hence would not have been considered
as V/Q imbalance in the previous studies (Ellison
et al., 1961 ; Kentera et al., 1965; Lees et al., 1967).

The physiological mechanisms underlying these
observations remain a mystery so far but one tenta-
tive explanation might be a ‘closing volume’ type of
effect whereby a substantial proportion of small air-
ways are occluded for part of the respiratory cycle.
This is known to occur, for example, when there is
loss of elastic recoil as in emphysema. The alveoli
supplied by such airways would receive intravenous
BN but not inhaled *N and would cause the
difference in the shape of the respective washout
curves. The pathological mechanism responsible for
such a phenomenon, or indeed for any other
mechanism causing our observed V/Q imbalance, is
unknown. We know of no histological evidence for
small airway obstruction and it is unlikely to be
caused by oedema as this is not a feature of chronic
pulmonary hypertension (Damman and Ferencz,
1956). Gradual improvement of (A-a) DO, in
association with gradual reduction in pulmonary
artery pressure has been shown in one dog after
ligation of a systemic-pulmonary anastomosis
(Ellison ez al., 1961). We have shown some acute
improvement in *N washout after injection in cases
6 and 10 while breathing 100 per cent oxygen. In
case 10, Rp/Rs was also reduced at cardiac cathe-
terisation in response to 100 per cent oxygen but the
implications of this and of other current attempts to
determine closing volumes are as yet uncertain. It
appears, therefore, that the V/Q imbalance in this
study can be associated with reversible pulmonary
vascular disease.

Regional lung function studies using ®N are easy
to perform on children of all ages. The radiation
dose (200-400 m.rads) is only a fraction of that
received at cardiac catheterisation. There is, further-
more,the advantage over catheterisation that regional
information is obtained which may be of value in
detecting localised early hypertensive pulmonary
vascular disease. Unfortunately, because of the
short half-life of the isotope, studies must be per-
formed in the close vicinity of a cyclotron. We are
currently exploring the use of the more widely avail-
able isotope **Xe which has a much longer half-life
but is more soluble than *N. It is probable that it
will be possible to use *3Xe but care will be needed
to ensure that only a small dose is used if delayed
clearance is anticipated because of this long half-life
and slow biological clearance. The sensitivity and
specificity of the technique are as yet uncertain but
our preliminary results are encouraging. These
studies may be particularly valuable for repeated
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assessment of children with complicated cardiac
defects in whom early hypertensive pulmonary
vascular disease is a common complication, in order
to determine the optimum time for corrective
surgery.

We wish to thank our colleagues from the MRC
Cyclotron Unit and the Department of Medical
Physics for their wholehearted support which
makes these investigations in sick children possible.
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